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Abstract Ion channel expression and activity may be
affected during tumor development and cancer growth.
Activation of potassium (K*) channels in human breast
cancer cells is reported to be involved in cell cycle pro-
gression. In this study, we investigated the effects of
docetaxel on the delayed rectifier potassium current (Ix)
and the ATP-sensitive potassium current (Ixap) in two
human breast cancer cell lines, MCF-7 and MDA-MB-
435S, using the whole-cell patch-clamp technique. Our
results show that docetaxel inhibited the Ix and Ixatp in
both cell lines in a dose-dependent manner. Compared with
the control at a potential of +60 mV, treatment with
docetaxel at doses of 0.1, 1, 5, and 10 uM significantly
decreased the Ix in MCF-7 cells by 16.1 & 3.5,
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302 £52, 425+£43, and 464+9% (=S5,
P < 0.05), respectively and also decreased the Ixarp at
+50 mV. Similar results were observed in MDA-MB-435S
cells. The G-V curves showed no significant changes after
treatment of either MCF-7 or MDA-MB-435S cells with
10 uM  docetaxel. The datas indicate that the possible
mechanisms of Ix and Ixarp inhibition by docetaxel may
be responsible for its effect on the proliferation of human
breast cancer cells.
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Introduction

Potassium channels (K* channels) comprise the largest and
most diverse family of plasma membrane channels. K™
channels have essential functions in all cell types, but their
extreme diversity confers K* channels with great func-
tional variability (Hille 1992; Wonderlin and Strobl 1996;
Leanza et al. 2014). Tumorigenesis is a complicated pro-
cess, involving a series of genetic alterations and signal
transduction pathways. Ion channel expression and activity
may be affected during tumor development and growth of
cancer, along with many other changes. The roles of ion
channels in the proliferation and development of cancer
have been recently reported. In particular, activation of K*
channels is crucial for progression through the G1 phase of
the cell cycle (Wonderlin and Strobl 1996; Mound et al.
2013).

Investigation of the functional properties of KT channels
in cancer cells is emerging as a novel approach for the
development of anticancer therapeutics. It has been
reported that regulation of K' channel activity may
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contribute to the inhibition of breast cancer cell prolifera-
tion (Wonderlin and Strobl 1996). In previous electro-
physiological studies, at least four types of K* current that
are active in human breast cancer MCF-7 cells were
identified. Each displays different sensitivities to voltage,
intracellular Ca>*, or ATP: (i) the Ca’*-activated K*
current (Ix.c,) (Wegman et al. 1991), (ii) the ATP-sensitive
K" current (Ixarp) (Klimatcheva and Wonderlin 1999),
(iii) the delayed rectifier Kt current (Ix) (Ouadid-Ahi-
douch et al. 2000), and (iv) the EAG K" current (Igag)
(Ouadid-Ahidouch et al. 2001). Because the activity of K"
channels is closely correlated with cell proliferation in
breast cancer cells, K channels can be considered a
potential pharmacological target for cancer treatment.
Docetaxel, a semi-synthetic compound, is produced
from a natural product 10-deacetylbaccatin-III that can be
collected from the needles of the European yew tree, Taxus
baccata (Gelmon 1994). In recent years, docetaxel has
become one of the most important novel chemotherapeutic
agents used clinically. Studies on docetaxel found that it
can stabilize tubulin by inhibiting the dynamic reorgani-
zation of the microtubular network of the cell, leading to
inhibition of mitotic and interphase cellular functions
(Schiff et al. 1979; Dyrager et al. 2011). In addition to its
effects on microtubules, docetaxel also appears to have
functions related to the inhibition of tumor cell growth
(Yasumizu et al. 2014). However, the ionic mechanism
underlying the inhibition of cancer cell proliferation has
not yet been fully elucidated. The present study aimed to
identify the electrophysiological characteristics of K™
channels in human breast cancer cells, particularly focused
on the effects of docetaxel on the Ik and Ik otp in the MCF-
7 and MDA-MB-4358S cell lines, using patch-clamp tech-
niques under the standard whole-cell configuration.

Materials and Methods
Cell Preparation

MCF-7 and MDA-MB-435S cells were cultured in RPMI
1640 medium (Life Technologies, Inc. Crand Island, NY),
supplemented with 10 % heat-inactivated fetal bovine
serum (Hyclone laboratories, Inc., Logan, UT), and main-
tained at 37 °C in a humidified atmosphere of 95 % air/
5 % CO,. For patch-clamp recordings at the single-cell
level, cells were plated onto 35 mm dishes at a density of
10* cells/cm?.

Reagents

Docetaxel was purchased from Aventis Pharma (Dagen-
ham, France). Prior to the experiment, docetaxel solutions
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of different concentrations were prepared in distilled water
and added separately to the different baths. Tetraethylam-
monium chloride (TEA), 4-aminopyridine (4-AP), and
glibenclamide were purchased from Sigma. TEA and 4-AP
were prepared as 0.1 M stock solutions in distilled water;
glibenclamide was dissolved in dimethylsulfoxide (DMSO)
to prepare a 1 mM stock solution.

Pipette Solutions

Cells were perfused with an external physiological solution
containing (in mM): 143 NaCl, 5.4 KCl, 0.5 MgCl,, 1.8
CaCl,, 0.3 NaH,PO,4, 2.3 NaOH, 5 p-glucose, and 5
HEPES at pH 7.4 (adjusted with NaOH). For I recordings,
patch pipettes were filled with a solution containing (in
mM): 135 KCI, 10 EGTA, 5 Na,ATP, 5 p-glucose, and 10
HEPES at pH 7.2 (adjusted with KOH). For Ixatp
recordings, patch pipettes were filled with a solution con-
taining (in mM): 143 NaCl, 5.4 KCl, 0.5 MgCl,, 0.3 Na,
ATP, and 5 EGTA at pH 7.2 (adjusted with KOH).

Electrophysiology

Whole-cell patch-clamp recording was carried out on sin-
gle cells at room temperature (~ 18-20 °C). Measurements
of membrane currents were performed in the standard
whole-cell patch-clamp configuration with an Axopatch-
1D amplifier (Axon Instruments, USA). Patch electrodes
were pulled with a two-stage vertical puller (PP-83, Na-
rishige, Japan) and verified within a resistance range of
3-5 MQ. Membrane potential and currents were monitored
with a dual-beam memory oscilloscope (VC-10, Nihon
Kohden, Japan). Data for each sample were collected with
an AD/DA converter (Digidata 1200, USA) and stored
electronically. Series resistance and capacitance transients
were compensated with an Axopatch-1D amplifier. For Ik
recordings, the voltage-clamp protocol was as follows:
membranes were held at —90 mV, the step pulse was
10 mV, the test potential was —90 to 460 mV, the dura-
tion was 200 ms, and the interval between stimulations
was 3 s. For Igatp recordings, membranes were held at
—40 mV, the step pulse was 10 mV, the test potential was
—100 to +50 mV, and the duration was 300 ms. Pulses
were applied every 3 s. The leak currents were subtracted
from all recordings.

Statistics

Data analysis was performed using pCLAMP 5.5.1 soft-
ware (Axon Instruments). The Ik and Ixatp Were measured
as the amplitude of the current remaining at the end of the
test pulse relative to the zero current level. Data were
presented as mean =+ standard error (SE). Student’s ¢ test
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Fig. 1 The effect of TEA on
the Ik in MCF-7 cells.

a Control; b Perfusion with

l 1000 pA

TEA; ¢ 5 min after washout

was used to determine the statistical significance of sample
testing, and values of P < 0.05 were considered significant.

Results

Comparison of Ik Measurements Between MCF-7
and MDA-MB-435S Cells

Whole-cell patch-clamp experiments were performed on
single cells in culture dishes. To block Ca*" and Na™
currents, cells were pre-treated with verapamil (1 uM) and
tetrodotoxin (0.1 pM), respectively, added to the extra-
cellular solution. In our study, outward currents were
detected in both MCF-7 and MDA-MB-435S cells under
the voltage-clamp mode using a series of 200 ms voltage
pulses from —90 to 460 mV in 10 mV increments, from a
holding potential of —90 mV. Meanwhile, pulses were
applied every 3 s.

As the control, the effect of TEA on outward K* cur-
rents in MCF-7 cells was evaluated first. The recording
confirmed that extracellular perfusion with 10 mM TEA
reduced the current amplitude. At 460 mV potential, the
inhibitory rate of TEA on outward currents was approxi-
mately 27 %. However, this inhibition by TEA could be
reversed in MCF-7 cells by a washout with an external
physiological solution (Fig. 1). The current amplitude at
460 mV potential was also reduced by approximately
46 % in MCF-7 cells after perfusion with 10 mM 4-AP.
Similar effects of TEA and 4-AP on outward currents were
also observed in MDA-MB-435S cells (data not shown).
These results indicate that outward currents in MCF-7 and
MDA-MB-435S cells are carried primarily by K ions.

The Ik values measured in MCF-7 and MDA-MB-435S
cells were activated by a long depolarization pulse beyond

—80 mV. In

approximately
observed that if the potential was higher than —30 mV, the
amplitudes of the Ik in MCF-7 cells were much larger than
those in MDA-MB-435S cells (P < 0.01; data not shown).

similar experiments, we

Comparison of Ixatp Measurements Between MCF-7
and MDA-MB-435S Cells

In the whole-cell configuration, outward currents were
measured by applying voltage steps (—100 to +50 mV)
from the holding potential of —40 mV. Outward currents
were recorded in both MCF-7 and MDA-MB-435S cells
with 0.3 mM ATP in the pipette solution. We observed that
the currents in MCF-7 cells were almost completely
blocked by a specific inhibitor of ATP-sensitive K
channels, glibenclamide, at concentration of 0.5 puM,
implying that the outward currents were Ixatp. A similar
result upon glibenclamide treatment was observed in
MDA-MB-435S cells (Fig. 2).

We compared the amplitudes of the Ixarp at different
test potentials between MCF-7 and MDA-MB-435S cells.
The amplitudes of the Igatp in MCF-7 cells were signifi-
cantly larger than those in MDA-MB-435S cells, when test
potentials of —70 to —30 mV were applied (P < 0.05).
However, at other test potentials, no significant difference
in the Ix op Was observed between MCF-7 and MDA-MB-
435S cells (P > 0.05).

Effects of Docetaxel on the Iy and Ixatp in MCF-7
Cells

The effect of docetaxel on the Ix in MCF-7 cells was
recorded. Results showed that whole-cell Ix was inhibited
in a dose-dependent manner by docetaxel added to the
extracellular solution (Fig. 3a). When the test potential was
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Fig. 2 The effect of
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Fig. 3 Effect of docetaxel on the Ik in MCF-7 cells. a Whole-cell I
elicited by a series of 200 ms voltage pulses from —90 to +60 mV in
10 mV increments, from a holding potential of —90 mV. Pulses were
applied every 3 s. a Control; b Perfusion with 0.1 pM docetaxel;
¢ Perfusion with 1 pM docetaxel; d Perfusion with 5 pM docetaxel;
e Perfusion with 10 pM docetaxel. b Effect of docetaxel on the mean
current—voltage relationship of the Ix (n = 5 cells)

460 mV, the Ik reached its peak. At doses of 0.1, 1, 5, and
10 uM, docetaxel blocked the Ix from 124.0 £+ 8.4 to
101.7 £ 3.7, 839+ 3.7, and 752+9.1 pA/pF,
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Fig. 4 Effect of docetaxel on the Ixatp in MCF-7 cells. a Whole-cell
Ixatp elicited by a series of 300 ms voltage pulses from —100 to
450 mV in 10 mV increments, from a holding potential of —40 mV.
Pulses were applied every 3 s. a Control; b Perfusion with 0.1 M
docetaxel; ¢ Perfusion with 1 pM docetaxel; d Perfusion with 5 uM
docetaxel; e Perfusion with 10 uM docetaxel. b Effect of docetaxel on
the mean current—voltage relationship of the Ixatp (n = 5 cells)

respectively, compared with the control 147.9 & 7.4 pA/pF
(n =15, P <0.01). The respective mean inhibitory rates
were 16.1 + 3.5,30.2 £ 5.2,425 £ 43,and 464 £ 9 %
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Fig. 5 Effect of docetaxel on the Ix in MDA-MB-435S cells.
a Whole-cell Ixap elicited by a series of 200 ms voltage pulses from
—90 to +60 mV in 10 mV increments, from a holding potential of
—90 mV. Pulses were applied every 3 s. a Control; b Perfusion with
0.1 pM docetaxel; ¢ Perfusion with 1 pM docetaxel; d Perfusion with
5 uM docetaxel; e Perfusion with 10 uM docetaxel. b Effect of
docetaxel on the mean current—voltage relationship of the Ix (n = 5
cells)

(n =15, P <0.05). Figure 3b shows the dose-dependent
effect of docetaxel on the I~V curve for the Ix in MCF-7
cells.

At a potential of +50 mV, 0.1, 1, 5, and 10 pM doce-
taxel reduced the amplitudes of the Ixatp from control
79.4 + 5.7 to 63.2 £ 10.6, 61.4 £+ 10.7, 52.3 &+ 8.4, and
50.6 £ 6.8 pA/pF, respectively (n =5, P < 0.05). The
respective mean inhibitory rates were 21.8 £ 11.1,
240 + 11.8, 352 £ 157, and 36.7 £ 164 % (n=>5,
P < 0.05). The docetaxel-mediated, dose-dependent inhi-
bition of the Ixatp in MCF-7 cells is shown in Fig. 4a. The
effect of docetaxel on the I-V curve for the Ix otp in MCF-7
cells is shown in Fig. 4b.

Effects of Docetaxel on the Iy and Ixatp in MDA-MB-
435S Cells

When MDA-MB-435S cells were exposed to an extracel-
lular solution containing docetaxel, whole-cell Ix was
inhibited by docetaxel in a dose-dependent manner
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Fig. 6 Effect of docetaxel on the Ixatp in MDA-MB-435S cells.
a Whole-cell Ixatp elicited by a series of 300 ms voltage pulses from
—100 to +50 mV in 10 mV increments, from a holding potential of
—40 mV. Pulses were applied every 3 s. a Control; b Perfusion with
0.1 uM docetaxel; ¢ Perfusion with 1 pM docetaxel; d Perfusion with
5 uM docetaxel; e Perfusion with 10 pM docetaxel. b Effect of
docetaxel on the mean current—voltage relationship of the Ixatp
(n =5 cells)

(Fig. 5a). When the test potential was +60 mV, Ik reached
its peak. After treatment with 0.1 pM docetaxel, the Ix was
decreased from the control of 109.0 + 14.1 to 81.7 + 9.8
pA/pF (n =5, P > 0.05). With an increasing dose of
docetaxel from 1 to 5 to 10 uM, the Ix was further
decreased to 65.5 & 9.1,45.7 &+ 9.6, and 31.9 + 7.7 pA/pF
(n=15, P<0.01), respectively. The respective mean
inhibitory rates for 0.1, 1, 5, and 10 pM docetaxel were
24.1 £ 5.1, 442 £ 13.2, 57.5 + 6.8, and 69.2 + 6.3 %
(n =5, P < 0.05). The effect of docetaxel on the I-V curve
for the Iy in MDA-MB-435S cells is shown in Fig. 5b.

At a test potential of +50 mV, after treatment with
0.1 uM docetaxel, the amplitude of the Ixatp in MDA-
MB-435S cells was reduced to 70.1 £ 5.7 pA/pF com-
pared with the control of 84.8 4.8 pA/pF (n =25,
P > 0.05). After treatment with 1, 5, and 10 uM docetaxel,
the amplitudes of the Ixatp Were significantly reduced to
615+ 47, 445+ 54, and 449 £59 pA/pF (n =5,
P < 0.01), respectively. The respective mean inhibitory
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Fig. 7 The G-V curve after 1.2 - a 1.2 1 b
treatment with 10 uM
docetaxel. a G-V curve in MCF- 14 14
7 cells. G/G,,,, was calculated
as G at different potentials
divided by the G, obtained at 0.8 - 0.8
460 mV. b G-V curve in *
MDA-MB-435S cells (n = 5 g 0.6 OE 0.6 -
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> o
0.4 0.4
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rates for 0.1, 1, 5, and 10 uM docetaxel were 17.2 + 5.6,
269 + 6.2, 473+65, and 468 +6.6% (n=>5,
P < 0.05). Figure 6a shows that docetaxel inhibited the
Ixatp in MDA-MB-435S cells in a dose-dependent man-
ner. The effect of docetaxel on the I-V curve for the Ix a1p
in MDA-MB-435S cells is shown in Fig. 6b.

In our study, we found that the Ixatp of MCF-7 might
be more sensitive to low-dose docetaxel, but less sensitive
to docetaxel as its dose increases. For example, when the
highest stimulus voltage was 60 mV, the ICs( values of Ik
in MCF-7 and MDA-MB-435S cells were 16.54 and
4.42 uM, respectively, based on calculations using SPSS
software. However, when the highest stimulus voltage was
50 mV, the ICsq values of Igxatp in MCF-7 and MDA-MB-
435S cells were 182.4 and 9.1 uM, respectively (data not
shown).

We also calculated the G-V curve of I in both MCF-7
and MDA-MB-435S cells in response to 10 uM docetaxel
(Fig. 7). G/Gax Was calculated as G at different potentials
divided by the Gy,x obtained at +60 mV. Values are
presented as means &+ SE. The voltage that produces a
50 % effect was calculated by best fit of data points to the
Hill equation. The results showed similar G-V curves in
two types of breast cancer cells, indicating the same
channel properties in these cells. Meanwhile, no significant
changes in the G-V curves were observed after treatment
with 10 pM docetaxel, indicating that docetaxel has no
effect on the active kinetic curves of Ik in either MCF-7 or
MDA-MB-435S cells.

Discussion
In addition to breast cancer cells, prostate cancer cells have

also been shown to possess various types of K channels
that play important roles in tumorigenesis. Furthermore,
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differential expression of K+ channels in prostate cancer
cells has been suggested to influence their invasive
potential (Hammadi et al. 2012; Maroto et al. 2012).
However, whether Kt channels are associated with the
invasive ability of tumor cells in breast cancer remains
unknown. In the present study, we evaluated the effects of
docetaxel on the Ix and Ixatp in the human breast cancer
MCEF-7 and MDA-MB-435S cell lines. Previous studies
revealed the different invasive abilities of these cell lines:
MCEF-7 cells are weakly invasive, and MDA-MB-435S
cells are strongly invasive (Sun et al. 2005). Our data
indicate that the Ix and Igatp in MCF-7 cells at the tested
membrane voltage were generally much greater than those
in MDA-MB-435S cells. This result suggests that the larger
currents might generate a potential hyperpolarization of
MCEF-7 cells, which could correlate with the more negative
resting potential and lesser invasive capability of this cell
line. In contrast, the smaller amount of K currents in
MDA-MB-435S cells produced only small hyperpolarizing
currents, which could lead to their more invasive capabil-
ity. Our results suggest that K* channels may play an
important role in determining the malignant behavior of
breast cancer cells.

Emerging evidence supports that the activation of
plasma membrane K™ channels is involved in the control
of tumor cell proliferation (Wonderlin and Strobl 1996;
Ouadid-Ahidouch et al. 2000; Wang et al. 1998). There-
fore, K* channels are considered to be potential pharma-
cological targets for chemotherapeutic agents. It has been
well documented that plasma membrane K* channels are
required for cell cycle progression at G1 phase (Wonderlin
and Strobl 1996). Activation of ATP-sensitive Kt channels
(Katp) in MCF-7 cells might be responsible for the pro-
gression through GI into the S phase in cell cycle (Kli-
matcheva and Wonderlin 1999; Strobl et al. 1995). As a
consequence, pharmaceutical Karp inhibitors such as
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quinidine, linogliride, and glibenclamide arrest cells in the
early G1 phase, leading to the inhibition of cell prolifera-
tion (Woodfork et al. 1995; Wang et al. 1998). The
effectiveness of Karp blockers for proliferation inhibition
and cell cycle arrest implicates the critical role of K"
channels in the control of breast tumor growth.

Studies on the Ik involved regulation of tumor cell
proliferation have been recently reported and show that Ik
blockers such as TEA, 4-AP, and some anticancer agents
can inhibit both proliferation and the Ix in a variety of
tumor cells (Abdul et al. 2003; Liu et al. 2010).

Recent studies (O’Grady and Lee 2005) showed that
epithelial cells express several shaker-type Kv and auxiliary
subunit mRNAs and proteins that are typically associated
with excitable cells. Such diversity and the constitutive
expression of these subunits strongly suggest their function
in epithelia. It has been reported that Kvl.1 and Kv1.3
underlie the growth-promoting effect of the Ik in MCF-7
human breast cancer cells (Ouadid-Ahidouch et al. 2000;
Abdul et al. 2003). In a comparative study, Kvl.1 K*
channels were very sensitive to external perfusion with
TEA, but Kv1.3 K" channels were less sensitive to TEA
(ICso = 10 mM) (Ouadid-Ahidouch et al. 2000; Grissmer
et al. 1994). In terms of specificity of K channels, we tested
the sensitivity of the MCF-7 cells to TEA and 4-AP, both of
which block voltage-gated K+ channels. These classical K+
channel blockers are known to inhibit Kv1.3 K* channel
currents (Grissmer et al. 1994). At the +60 mV potential,
the Ix recorded in MCF-7 cells was reduced by approxi-
mately 27 % after extracellular perfusion with 10 mM TEA
and by about 46 % when perfused with 10 mM 4-AP. The
pharmacological characteristics of the Ik recorded in human
breast cancer cells are very similar to those of Kv1.3, a
member of the K* channel family (Grissmer et al. 1994).

Microtubules are dynamic protein polymers that play an
essential role in cell division, maintenance of cell shape,
vesicle transport, and motility (Desai and Mitchison 1997).
The effects of the drugs on the tubulin cytoskeleton on ion
channels have been previously reported (Montalbetti et al.
2007; Galli and DeFelice 1994). Taxanes, as promising
anti-cancer drugs associated with spindle and microtubules,
are widely used in clinical practice for the treatment of
human tumors including ovarian, cervical and endometrial,
breast, gastric, and non-small-cell lung cancer. It has been
reported that taxanes bind to a pocket in beta-tubulin, on
the microtubule’s inner surface, leading to inhibition of the
microtubule depolymerization process (Smoter et al. 2011).

Docetaxel (or Taxotere) is a clinically well-established
anti-mitotic chemotherapy medication that is approved for
clinical use by the United States Food and Drug Admin-
istration, primarily for the treatment of breast, ovarian,
prostate, and non-small cell lung cancer. The anti-neo-
plastic mechanism underlying docetaxel’s action depends

on its ability to bind tubulin and excessively stabilize
microtubules (Fitzpatrick and Wheeler 2003). Our previous
studies reported the effect of docetaxel on growth inhibi-
tion in MCF-7 and MDA-MB-435S cells (Sun et al. 2005).
To gain a better understanding of the ionic mechanism
underlying the inhibition of cancer cell proliferation, we
investigated the effect of docetaxel on K currents in
breast cancer cell lines. To this end, we examined the
whole-cell Iy and Igatp in MCF-7 and MDA-MB-435S
cells as well as the effects of docetaxel on the Ik and Ixatp
in both cell lines. Our study showed that docetaxel atten-
uated the Ik and Igarp in a dose-dependent fashion, indi-
cating that blockage of K' channels may contribute to
mechanisms underlying the anticancer action of docetaxel.
Although our results were obtained from the raw cells
using a previous version of the software (p)CLAMP 5.5.1),
the effects of the drugs and inhibitors were obvious, and the
data are reliable. We believe that the issue of noise in our
study does not impair our conclusion related to the effects
of docetaxel, because we have repeated the same experi-
ments under the same conditions at least three times,
obtaining very similar results in each experiment. Our
findings suggest a novel approach to cancer treatment
based on the combination of docetaxel and other promising
inhibitors of K* channels. We expect that this novel cancer
therapy will have a greater therapeutic effect than either
docetaxel or K™ channel inhibitors alone.

In summary, our results reveal the dose-dependent
inhibitory effects of docetaxel on whole-cell Ix and Ixatp
in MCF-7 and MDA-MB-435S cells, identifying the
mechanisms of the antiproliferative action of docetaxel.
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